Introduction
There is increasing evidence that decorin, a member of the expanding gene family encoding the small leucine-rich proteoglycans (SLRPs), plays an important role in modulating cell adhesion, migration, proliferation, and collagen fibril formation (1) . Decorin can bind in vitro to a variety of adhesive and nonadhesive proteins including fibronectin, thrombospondin, various types of collagens, C1q, and transforming growth factor-␤ (TGF-␤ ) 1 (2) . The binding of decorin to fibrillar collagen carries important biological implications as recently demonstrated by the phenotype of mice lacking the decorin gene (3) . In these mutant animals, disruption of the decorin gene leads to skin fragility and abnormal collagen morphology, characterized by uncontrolled lateral fusion of fibrils. Binding of decorin to TGF-␤ prevents the fibrosis of renal glomeruli by neutralizing its biological activity (4) . Decorin cDNA was recently used as a novel gene therapy tool for treatment of fibrotic diseases caused by TGF-␤ (5).
Decorin has been implicated in the control of cell proliferation by several key observations. Forced expression of decorin in Chinese hamster ovary cells leads to a decreased growth rate, lower saturation density, and altered morphology (6) . It has been suggested that decorin causes these changes in this cell system by sequestering TGF-␤ , an autocrine growth stimulator for these cells (7) . Decorin is markedly upregulated during quiescence in human diploid fibroblasts (8, 9) and its expression is strongly suppressed upon viral transformation with SV40 (8) . Decorin is rarely expressed by malignant epithelial cells from a wide variety of human tumors including colon, pancreas, prostate, and breast carcinomas (10) . However, in the tumor stroma of colon cancer, the amount of decorin proteoglycan is increased markedly through a process that involves hypomethylation of the decorin gene (11) as well as induction of this gene product via tumor-secreted cytokines (12) .
Using a gene transfer approach in human colon carcinoma cells that do not constitutively express this gene, we discovered that the de novo expression of decorin reverted the cells to a normal phenotype: the cells lost anchorage-independent growth, failed to generate tumors in scid / scid mice, and became arrested in the G 1 phase of the cell cycle (13) . The cells could reenter the cell cycle when decorin expression was abrogated by decorin-specific antisense oligodeoxynucleotide treatment (13) . This decorin-induced growth arrest was associated with a marked induction of p21 WAF1 / CIP1 (p21), a potent inhibitor of cyclin-dependent kinases (CDK) (14) , thus suggesting that decorin might be a component of a negative loop that controls cell proliferation.
In this report we sought to determine whether: ( a ) the decorin-induced growth suppression is a general phenomenon, capable of occurring in tumor cell lines with a diverse histogenetic background; ( b ) these effects are mediated by the protein core itself; ( c ) concomitant upregulation of p21 is invariably associated with the decorin-induced growth suppression; and ( d ) the presence of endogenous p21 protein is a necessary requirement for decorin-induced growth suppression. The results showed that ectopic expression of decorin, synthesized either as a proteoglycan or as a protein core, suppressed the growth of all established neoplastic cell lines derived from mineralized bone, uterus, skin, soft tissues, and bone marrow. In addition, exogenously added recombinant decorin also suppressed overall growth of the parental cell lines. All of the decorin-expressing tumor cell lines showed an increase proportion of cells in G 1 phase of the cell cycle and a concurrent upregulation of p21 mRNA and protein, but not of p27
Kip1
(p27), another CDK inhibitor. Tumor cells with a disrupted p21 gene failed to respond to ectopic decorin expression in contrast to the wild-type cells in which p21 and growth arrest was inducible by decorin. We conclude that decorin is a generalized growth suppressor of neoplastic cells acting from the outside of the cell and that endogenous p21 is a required downstream target gene for this biological axis. The heightened biosynthesis and secretion of decorin by tumor stroma cells may represent a mechanism designed to counteract the invading neoplastic cells.
Methods
Cell cultures. The following human established and primary cell lines were used: cervical carcinoma (HeLa), SV40-transformed skin fibroblast (LNSV), osteosarcoma (MG-63 and Saos-2), colon carcinoma cells, WiDr/HT-29 and HCT116 with or without a functional p21 gene (15), fibrosarcoma (HT-1080), squamous cell carcinoma (A431), prostate adenocarcinoma (PC-3), melanoma (UACC903), lymphoblastic leukemia (MOLT-4), human promyelocytic leukemia (HL-60), human erythroleukemia (HEL92.1.7), human lymphoblastic leukemia (CCRF-SB), and normal diploid lung (IMR-90) and skin (N19-91) fibroblasts. Cells were obtained from either American Type Culture Collection (Rockville, MD) or from the Kimmel Cancer Center Cell Culture Facility (Philadelphia, PA). Mouse melanoma M2 cells were obtained from Dr. J. Fiddler (MD Anderson Cancer Center, Houston, TX). The cells were maintained in DME supplemented with 5% FBS, 2 mM glutamine, 100 U/ml penicillin and 50 g/ml streptomycin. The hematopoietic cell lines were cultured in RPMI 1640 medium supplemented as above.
Construction of CMV-expression vector and stable transfection. The codon (TCT) of the decorin cDNA encoding the amino acid Ser 7 of the mature protein core was mutated into GCT (Ala) (16) . The Ser-7 holds the glycosaminoglycan sugar chain in the decorin molecule, and it has been shown previously that this mutagenized decorin is secreted as the core protein with no detectable glycosaminoglycan side chain (16) . The mutated decorin cDNA was digested with EcoRI and fused to the 3 Ј end of the human cytomegalovirus (CMV) early gene promoter/enhancer in a mammalian expression vector pcDNA3 (Invitrogen Corp., San Diego, CA). The orientation of the insert was verified by restriction endonuclease digestion and DNA sequencing. The full-length decorin vector cloned into pcDNA3 is the same as described previously (13) and results in two transcripts of ‫ف‬ 1.6 and ‫ف‬ 1.9 kb, respectively. The ⌬ decorin contained an addition 200 bp of 3 Ј untranslated region and thus results in two transcripts of ‫ف‬ 1.6 and ‫ف‬ 2.1 kb, respectively (16) . The different tumor cell lines were stably transfected by the calcium phosphate procedure (13) . Briefly, ‫ف‬ 10 6 cells were transfected with 20 g of purified DNA and incubated at 37 Њ C in a humidified incubator for 12-16 h. After 48 h of incubation in nonselective medium to allow expression of the transferred genes to occur, the cells were trypsinized and replated at a 1:10 dilution. Within 12-16 h, G418 (800 g/ml) was added to the medium with fresh addition of the drug every 4-5 d. Colonies were first detected after 14 d in the selective medium and 7-14 d later, independent colonies were trypsinized in cloning cylinders and transferred to microtiter wells. In the case of HL-60, the transfected cells were diluted with the RPMI medium containing 800 g/ml G418 and replated in 96-well plates in such a way that each well contained a single cell. After ‫ف‬ 30-d exposure to 800 g/ml G418, the cells were cultured routinely with G418 (300 g/ml).
Northern (18) . Quantity of RNA was normalized on glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level (19) . For immunoblotting, media conditioned by the various cells for 24 h in 0.1% serum was precipitated with 5 vol of ethanol containing 1.3% (wt/vol) potassium acetate at Ϫ 20 Њ C overnight and centrifuged at 10,000 g for 5 min. Pellets were dried and dissolved in SDS sample buffer, separated in 7.5% Na-dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto nitrocellulose membranes, and blocked with 5% dried milk for 18 h. Immunodetection was performed using rabbit polyclonal antipeptide antibodies to decorin (17) , mouse monoclonal 6B6 antibodies directed toward p21 or rabbit polyclonal against p27 protein (PharMingen, San Diego, CA). After 3 h, the filters were rinsed several times with PBS and incubated with 1:5,000 dilution of horseradish peroxidase-conjugated anti-rabbit antibodies for 2 h. Bound protein was detected with the enhanced chemiluminescence kit (Amersham Corp., Arlington Heights, IL). The CellTiter 96 ™ Aqueous Non-Radioactive Cell Proliferation Assay (Promega Corp., Madison, WI) was used to determine the number of viable cells in a proliferative phase (13) .
Purification of recombinant human decorin. Human recombinant decorin was purified from media conditioned by Chinese hamster ovary cells stably transfected with a decorin expressing vector as described before with modifications (6). Approximately 5-10 liters of pooled serum-free conditioned medium was brought to 300 mM NaCl before passing over an 80-ml DEAE-Sepharose column containing a 30-ml Sepharose-4B precolumn guard to remove nonspecific Sepharose-binding molecules. After washing the DEAE column exhaustively with 300 mM NaCl in phosphate buffer, pH 7.4, the column was washed with 6 M urea/6 mM CHAPS/300 mM NaCl , followed by a 1-liter wash in 300 mM NaCl to remove urea/CHAPS, and bound proteins were eluted with a 0.3-1 M gradient of NaCl. Fractions containing decorin, identified by SDS-PAGE, were pooled and diluted with an equal volume of saturated ammonium sulfate in 50 mM phosphate buffer, pH 6.3, and bound to a C4 hydrophobic interaction column (Hydrocell C4-1000; BioChrom Labs Inc., Terre Haute, Indiana). Bound material was eluted with a simultaneous reverse salt gradient (2.5-0 M) of ammonium sulfate in 50 mM phosphate buffer, pH 6.3, and of ethylene glycol (0-50%) in 50 mM phosphate buffer, pH 8.3. We used TOSOH HPLC system (TSK 6011I) equipped with a TSK 6041 UV detector and a GM8010 gradient monitor. Elution profiles were monitored at A 280 nm and samples from the major peaks were examined by SDS-PAGE before pooling fractions containing decorin. Ethylene glycol was removed from pooled decorin eluted from the C4 column by dialysis against PBS, using 30 kD MW cut off, and finally concentrated by repeating DEAE chromatography. The final product was checked for purity by SDS-PAGE and immunoblotting with a polyclonal antibody specific for the decorin protein core (17) . Because of the nondenaturing conditions and the lack of chaotropic agents during the purification steps, all the pu-rified recombinant decorin was essentially native, similar to that synthesized endogenously by the stably transfected cells (see above). To test for biological activity, we used the parental cell lines and cultured them in the absence or presence of decorin (100 g/ml; ‫ف‬ 1 M) for 24 and 48 h, respectively. At the end of the incubation, we measured the cell number by the nonradioactive colorimetric assay described above.
FACS ® analysis and immunohistochemistry. The cells were stained with propidium iodide (2 mg/ml) in 4 mM Na citrate buffer containing 3% Triton X-100 and RNase A (100 g/ml). The stained cells were analyzed by FACS ® as described before (13) . For immunohistochemistry, cells were fixed for 8 min in 4% paraformaldehyde, permeabilized for 2 min in 0.2% Triton X-100, and stained with the 6B6 mouse anti-human p21 monoclonal antibody (5 g/ml, PharMingen) and a fluorescein-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Labs, Inc., West Grove, PA; 1:30). The cells were examined using a confocal microscope with a Bio-Rad MRC-600 system interfaced to a Olympus IMT-2 inverted microscope using an aircooled argon laser for excitation.
Results

Lack of constitutive decorin expression in established cancer cell lines and SV40-transformed cells.
In spite of the fact that decorin is expressed by a wide variety of adult and embryonic mammalian tissues (2), a survey of several transformed cell lines revealed that only the osteosarcoma MG-63 cells expressed decorin mRNA ( Fig. 1 A , lane 8 ) , in addition to lung and skin fibroblasts ( Fig. 1 A , lanes 4 and 9 , respectively) . A protracted exposure revealed very low levels of decorin mRNA in the melanoma cell line UACC-903. When normalized on the housekeeping gene GAPDH, however, it was evident that the levels of expression of decorin mRNA in MG-63 or UACC-903 cells were ‫ف‬ 10-and 50-fold lower than those of skin fibroblasts, respectively. Moreover, SV40-transformed skin fibroblasts (LNSV cells) lost their ability to synthesize decorin ( Fig. 1 A , lane 5 ) . Additional Northern blotting using total RNA from colon carcinoma cells (WiDr/HT-29 and HCT116), squamous cell carcinoma (A431), and two additional hematopoietic cell lines (CHRF, and HEL92.1.7) showed no decorin-specific transcripts even after prolonged exposure of the autoradiograms (not shown). Immunoblotting of media conditioned by the various cell lines showed no detectable proteoglycan in all the transformed cell lines with the exception of diploid fibroblasts ( Fig. 1 B , lanes 6 and 9 ) . Although decorin mRNA was detected in osteosarcoma MG-63 and melanoma UACC-903 cells, only trace amounts of secreted proteoglycan could be detected in MG-63 but not in UACC-903 cells using a very sensitive procedure such as chemiluminescence and Western blotting. Collectively, these results indicate that decorin is not constitutively synthesized by all the transformed cell lines tested, 15 in total, and suggest that decorin is not required for growth in culture of these malignant cells.
Ectopic expression of decorin proteoglycan or core protein induces growth suppression in a variety of transformed cells. To investigate whether de novo expression of decorin in cells that otherwise do not constitutively express this gene caused any change in growth rate, we generated stably-transfectant clones from five cell lines including human Saos-2 osteosarcoma, HeLa epidermoid carcinoma, HT-1080 fibrosarcoma, HL-60 promyelocytic leukemia cells, and murine M2 melanoma cells. We used two human constructs encoding either the full-length decorin proteoglycan (13) or a mutated decorin ( ⌬ decorin) insert (16) both cloned into the pcDNA3 vector driven by the potent CMV promoter. In the latter case, Ser 7 , the site of attachment for the only glycosaminoglycan chain (16) , was substituted with an alanine residue thereby resulting in the secretion of the protein core containing the N-linked oligosaccharides but lacking the glycosaminoglycan side chain. A number of clones expressing various levels of the two tran- scripts of decorin or ⌬ decorin were observed (Fig. 2 A ) , with the greatest transfection efficiency in Saos-2 cells. Immunoblotting analyses using antidecorin antibodies and media conditioned for 24 h by various stably-transfected clones expressing either decorin or ⌬ decorin showed the expected fully-glycosylated proteoglycan or protein core running as ‫ف‬ 100 or 42 kD, respectively (Fig. 2 B ) . These experiments were repeated several times with similar results. When the growth kinetics of representative decorin-expressing clones were assessed, it was evident that the synthesis of decorin or ⌬ decorin was sufficient to retard the growth of all the tumor cell lines (Fig. 3) , with the most profound inhibition occurring in the osteosarcoma Saos-2 cells (Fig. 3 A ) . A marked repression of cell growth comparable to the HT-1080 cells, was also obtained with the HL-60 promyelocytic cells (not shown). As a further negative control for nonspecific effects on cell proliferation, we used stable transfection of domain III of human perlecan (2) driven by the same CMV promoter and found no appreciable changes in the growth of HT-1080 cells (not shown).
The similarity of the effects between the cells synthesizing the protein core alone and those synthesizing the fully-glycosylated proteoglycan indicated that the growth-suppressing properties of decorin did not depend on the GAG chains. Furthermore, because the HL-60 cells harbor a homozygous deletion of p53 (20) while the Saos-2 osteosarcoma are essentially defective in retinoblastoma gene (21), our results indicate that these two important regulators of the cell cycle are not required for the effects of decorin on tumor cell growth.
Exogenous decorin inhibits the growth of various transformed cell lines. Next, we asked whether exogenous decorin could also inhibit the growth of various transformed cell lines. To this end, we purified human recombinant decorin from media conditioned by Chinese hamster ovary cells stably transfected with a decorin expressing vector (6) . The final product derived from C4-hydrophobic chromatography was checked for purity by SDS-PAGE and Western immunoblotting with a polyclonal antibody specific for the decorin protein core (17). Because of the nondenaturing conditions and the lack of chaotropic agents during the purification steps, all the purified recombinant decorin was virtually native, similar to that synthesized endogenously by the stably transfected clones. This highly purified human recombinant decorin, essentially free of contaminating proteins (Fig. 4, A -C ) , was tested for biological activity. In all cases, there was a time-dependent inhibition of growth (Fig. 4 D ) , thus corroborating the effects found in the stably expressing clones detailed above.
De novo expression of decorin is associated with marked induction of p21, its nuclear translocation, and a concomitant increase in cells arrested in G 1 . Northern blot analysis of steady state mRNA levels encoding p21, an inhibitor of cyclin-dependent kinase activity (22, 23) , showed a marked upregulation of this gene in both the decorin and ⌬decorin-synthesizing tumor cell lines, regardless of their histogenetic origin (Fig. 5 A) . Normalization on either rRNA or GAPDH gave similar results with a 4-10-fold increase in p21 mRNA in all the cell lines. Western blotting using a monoclonal antibody directed against the p21 protein showed also upregulation of this gene (Fig. 5 B) . In contrast, the endogenous protein levels of p27, another important CDK inhibitor and mediator of extracellular antimitogenic signals (24) , remained essentially unchanged in all the transfected cells as determined by using an antibody specific for human p27 (not shown).
The changes in p21 mRNA and protein levels were corroborated by the marked augmentation and concentration of p21 immunoreactive protein in the nuclei of cells expressing either decorin or ⌬decorin (Fig. 6 ). In agreement with these data, 
FACS
® analyses revealed a significant increase in the proportion of cells arrested in the G 1 phase of the cell cycle (Fig. 7) . Hence, the growth-suppressing function of decorin results from its ability to specifically induce endogenous p21 expression.
Requirement of p21 for the decorin-induced growth suppression. In the next series of experiments, we sought to determine if expression of p21 gene was a sine qua non for the growth suppressive properties of decorin. To address this question, we generated permanently-transfected decorinexpressing HCT116 cells: a human colon carcinoma cell line harboring a homozygous disruption of the p21 gene (15). As a positive control, we transfected decorin into the isogenic parental cells with a p21ϩ/ϩ genotype. The HCT116 are nearly diploid cells that harbor p53 wild-type alleles and a full-length retinoblastoma protein, but are deficient in mismatch repair (15, 25, 26) . As predicted from the results described above, ectopic expression of decorin by the parental cells with a p21ϩ/ϩ genotype resulted in a marked inhibition of cellular growth (Fig. 8 A) and concurrent upregulation of p21 mRNA levels (not shown). In contrast, decorin was totally ineffective in the tumor cells with a p21Ϫ/Ϫ genotype (Fig. 8 B) . FACS ® analyses revealed a significant increase of the fraction of the cells in the G 1 phase of the cell cycle in three independent experiments (Fig. 9, A-C) , as well as a prominent increase of immunoreactive p21 protein (Fig. 9 D) . These data provide definitive and unequivocal evidence for the requirement of p21 induction to achieve decorin-mediated growth arrest, and demonstrate that p21 is necessary for the downstream effects of decorin on the cell cycle machinery.
Discussion
Understanding the mechanisms that lead to the invasion of host tissues by a growing population of neoplastic cells is a major task of cancer research. Recent advances in the biochemistry and biology of tumor extracellular matrix has steered the focus on new conceptual issues regarding the role of matrix proteins in regulating cancer growth (27) . It is becoming evident that to fully understand the mechanisms that guide the tumor cells to invade host tissues, the complex interactions between matrix proteins and tumor cells need to be explored in detail. The results of this investigation provide insights into the potential mechanism of action of decorin, a proteoglycan implicated previously in the control of cell proliferation (13, 28) . The principal finding of this study is that de novo expression of decorin, either as a fully glycosylated proteoglycan or as a protein core, in a variety of tumorigenic cell lines correlates with a reduction in growth rates and induction of p21, a protein that controls the G 1 -S transition and is a dual inhibitor of CDKs (22, 23) and proliferating cell nuclear antigen (29) . In addition, when the same wild-type cells were cultured in the presence of exogenous recombinant decorin, there was an appreciable inhibition of growth. These data are corroborated by an independent study demonstrating that transfection of decorin, but not of biglycan or fibromodulin, into NIH-3T3 driven by a CMV promoter, as in this study, induces growth suppression (V.-M. Kähäri, personal communication).
The biological response to decorin appears specific for p21, insofar as p27 was not affected by decorin. This is interesting in light of the fact that fibrillar collagen, a molecule that closely interacts with decorin in vitro (30) and in vivo (3), inhibits smooth muscle cell proliferation by inducing p27 levels and, to a lesser extent, p21 levels (31) . In addition to promoting cellular adhesion and cytoskeletal organization, extracellular matrix proteins such as type I collagen may also subvert oncoprotein signaling pathways typical of the malignant phenotype (32) .
The decorin-induced p21 upregulation leads to translocation of the protein into the nuclei of transfected cells where the p21-induced inhibitory effects on the cell cycle machinery presumably would take place, thereby suppressing the malignant properties of the cells. Indeed, three of the stably transfected cell lines, Saos-2, HT-1080 and HeLa cells, did not form tumors in mice even in the presence of Matrigel, a tumor-inducing extracellular matrix extracted from the EHS tumor (our unpublished results). In contrast, all the wild-type counterparts formed visible tumors within 7-10 d after subcutaneous inoculation.
Our previous studies have shown that colon carcinoma WiDr/HT29 cells, when transfected with a decorin-expressing vector, become growth arrested in G 1 via a TGF-␤-independent pathway, do not form tumors in scid/scid mice and reversibly induce p21 (13, 14) . The present results eliminate the possibility that this is a cell type-specific phenomenon resulting from some genetic alterations in the WiDr/HT29 cells and establish a generality for the decorin-induced growth suppression. Moreover, we provide definitive evidence that the endogenous p21 is required for these effects to take place, since HCT116 colon carcinoma cells deficient in the p21 gene (15) fail to respond to decorin. In contrast, the isogenic parental cells with a p21ϩ/ϩ genotype became growth-arrested in G 1 with a concurrent induction of the endogenous p21 gene.
In the nuclei of normal diploid cells, p21 exists as a quaternary structure complexed with a cyclin, a CDK, and PCNA (33, 34) where it functions as a titratable buffer, that is, p21 can set the cyclin threshold necessary for cell cycle progression (35) . Assuming that two and not more than two molecules of p21 are required for proper CDK inhibition, then a twofold induction of p21 would be sufficient to block cell cycle progression. In our experiments, the steady state levels of both p21 mRNA and protein were elevated several-fold in all the decorin-expressing cells which should have prompted inhibition of CDK activity and G 1 arrest, as in the case of colon carcinoma cells (14) . We further show that the protein core alone is capa- ble of mediating all the growth suppression insofar as a mutated form of decorin lacking the GAG chain was capable of inducing similar responses in all the cells tested. These data suggest that the arch-shaped decorin (36) would contain all the information for inducing these biological effects in various cells. Predictably, the central domain encompassing the 10 tandem leucine-rich repeats, is likely responsible for cell-surface binding. This region has been proposed as the collagen-binding domain of decorin and its inner concave face of the decorin molecule would allow ample interaction with a ligand cell surface protein/receptor (36) .
The similarity of the response to decorin in the several human cell lines and the induction across species suggest that there is a general, well-conserved signal-transducing pathway that is operational in mammalian cells. Our results predict that interaction between decorin and a specific surface receptor would trigger a signal cascade that culminates with the induction of CDK inhibitors, and that decorin would be directly involved in controlling the endogenous levels of at least one negative modulator of cell cycle checkpoints. We have recently discovered that in A431 squamous carcinoma cells decorin ac- The ability of decorin to induce p21 gives further credence to the concept that increased production of proteoglycans around the malignant cells represents a specific biological response of the host designed to counterbalance, and perhaps, neutralize the invading tumor cells. The fact that the decorininduced growth suppression does not require functional p53 or retinoblastoma proteins further suggests that decorin may modulate p21 levels and growth via alternate pathway(s). This possibility is supported by the observations in cells harboring deletions or mutations of the p53 gene (37) (38) (39) (40) (41) . It is possible that p53-independent pathways of p21 induction may rescue p53-deleted or p53-mutated tumor cells from aberrant proliferation resulting from lack of p21 induction. Such considerations highlight the importance of uncovering negative modulators of the cell-cycle machinery and illustrate a key role of extracellular matrix proteins in modulating tumor growth. 
